We investigated the effects of glutathione (GSH), the major naturally occurring thiol, and a pharmacologic thiol precursor of GSH, N-acetyl cysteine (NAC), on the expression of human immunodeficiency type I (HIV-1) in primary cord blood and adult donor monocyte-derived macrophages (MDM). HIV-1 infection of cord blood and adult MDM was accomplished after incubating 10-15-d-old cultures for 4 h with a monocyte-tropic strain of HIV-1 (Bal). After I wk in culture cell supernatants were tested for reverse transcriptase (RT) activity. MDM were exposed to 5, 10 and 20 mM concentrations of both GSH and NAC before infection, during infection, and after infection was established. GSH and NAC suppressed the replication of HIV-I in both primary cord blood and adult donor MDM in a concentration dependent fashion. These suppressive effects were more pronounced in cord-derived cells than in adult-derived cells. In cells treated with GSH or NAC before infection, there was no significant rise in RT activity as compared with controls. Similarly, when cells were treated with GSH and NAC and simultaneously infected, there was also no significant rise in RT activity after 1 wk in culture. In cells treated after infection was established, RT values were suppressed 80-90% that of untreated controls. This effect persisted for 1-2 wk after exposure to GSH and NAC. Untreated controls demonstrated syncytium formation and lost characteristics of spreading and elongation 2 wk after HIV-1 infection, whereas most of the treated cells remained free of syncytium and retained cytoplasmic spreading, adherence, and elongation. These data are consistent with other studies ofthiol suppression ofHIV-1 replication and demonstrate a similar observation for primary cultured cord MDM. These results may offer new approaches toward cellular protection after infection with HIV-1. (J. Clin. Invest. 1993.91:495-498.) Key words: y-glutamyl amino acids * 'y-glutamylcysteine synthetase * nuclear factor kB -phorbol myristate acetatereverse transcriptase
Introduction
Over the last three years there has been an significant increase in the number of pediatric AIDS cases reported by the Centers for Disease Control (1) . Although a small number of children have been infected through transfusions ofhuman immunode-ficiency virus type 1 (HIV-1)-contaminated blood products, > 80% of infected children have acquired the virus perinatally. Viral transmission can occur prenatally via the placenta, at time of delivery by direct inoculation or postnatally via breast milk. The estimated rates of perinatal transmission is -30%. Mean survival from the time of diagnosis is estimated at 38 months (1) .
The monocyte-derived macrophage (MDM)' may play a central role in the pathogenesis of HIV-1 infection. In vitro the macrophage is believed to contribute to viral latency by acting as a reservoir for replication and dissemination (2) (3) (4) . We have recently demonstrated that cord MDM are susceptible to HIV-1 infection with the monocyte-tropic strains (Bal and Ada-M) and capable of a productive infection (5) .
Glutathione (GSH) , the most abundant intracellular thiol (0.1-10 mM), plays a key role in intracellular defense against reactive oxygen intermediates and is one of the most active biological compounds available to the cell (6). Roederer et al. (7) have recently demonstrated that N-acetyl cysteine (NAC) inhibits tumor necrosis factor-a (TNF-a) and phorbol myristate acetate (PMA) stimulation of HIV-1 replication in T cells and peripheral blood mononuclear cells. Kalebic et al. (8) have similarly demonstrated dose-dependent suppression of HIV-1 expression in a chronically infected promonocytic U 1 cell line with GSH and NAC. These cells were derived from infection of promonocytic U-937 cells carrying two copies of proviral DNA. Recent literature suggests that agents that increase GSH levels inhibit nuclear factor kB (NF-kB), which is a known enhancer of HIV-1 transcription (9) and is a DNA binding protein responsive to cellular activation. This transcription factor has been shown to enhance HIV-1 replication in T cells after treatment with PMA or TNF-a (10-1 3). The regulation of this nuclear factor may influence the expression of certain genes responsible for HIV-1 expression. NAC has been shown to block PMA, TNF-a, and stimulation of HIV long terminal repeat-directed gene expression (lacZ gene expression) as measured by f3-galactosidase activity (7) . In the asymptomatic adult patient with HIV-1 infection, peripheral blood mononuclear cells, serum, and lung epithelial fluid have reduced levels of GSH and soluble thiols ( 14, 15) . This deficiency may be a marker for early transition from latency to the active disease process in the asymptomatic individuals.
This article reports the effect ofGSH and NAC on the infectivity of HIV-1 for primary cord blood MDM.
Methods
Heparinized cord blood (20- ( 17) NAC and GSH were purchased from Sigma Chemical Co. (St. Louis, MO). Cord blood MDM were incubated with NAC and GSH (5, 10, and 20 mM) either 24 h before adding HIV-l (Bal), simultaneously with the addition of HIV-1, or within 2 wk ofan already established productive infection with HIV-l (as determined by RT activity). The pretreated cells were exposed to GSH or NAC for a 24-h period before infection with HIV-1. Similarly, cells were simultaneously exposed to GSH or NAC for up to 3 h during infection with HIV-l (Bal). In studies of a third group of cells in which infection was already established, fresh GSH or NAC were added at their respective concentrations every 3 d during the experiment. In the former two groups, GSH and NAC were added only once. RT activity was assessed at 7-10 d postinfection and weekly thereafter for a total ofthree times. Only those cells which demonstrated cytoplasmic spreading, adherence, and elongation were used for this study. NAC and GSH were dissolved in endotoxin-free media before use.
Results
In MDM that were infected and then treated, both cord bloodand adult blood-derived cells demonstrated suppression of RT activity after treatment with GSH or NAC in a concentrationdependent fashion (Fig. 1) (Fig. 3, A and B) . Cell death was seen in all treated and untreated cells 30 d after infection. The influence ofGSH or NAC on cell death was studied by using trypan blue exclusion assay, and there were no differences between the treated and untreated cells during the time course of the experiment.
Discussion
Glutathione is a ubiquitous molecule present in all mammalian cell systems. It is synthesized and degraded intracellularly, occurring mainly in the reduced form (GSH). The cellular turnover of GSH is associated with its transport in and out of cells via a transpeptidase which breaks down GSH outside the cell membrane, transports its constituent y-glutamyl amino acids across into the cell, and resynthesizes GSH inside the cell. The transport of GSH participates in reductive reactions that may occur on the cell membrane as well as the intracellular environment (6) . In asymptomatic HIV-l-seropositive individuals, low GSH levels have been found in plasma, peripheral blood mononuclear cells, and lung epithelial lining fluid (14, 15) . 15, 18). The transport of cysteine sulfur between cells and organs for the reduction oftoxic oxygen radical intermediates is a pivotal function of GSH. Depleting GSH in human lymphoid cells markedly increases their sensitivity to radiation (6, 18) . It has been suggested that this phenomenon is similar to cellular damage due to free radical formation and reactive oxygen intermediate damage. For example, tumor cells also depleted of GSH by buthionine sulfoximine, a y-glutamylcysteine synthetase inhibitor, were found to exhibit increased susceptibility to cytolysis after exposure to oxygen radicals (6) . Recently, we have demonstrated depletion of GSH levels during superoxide formation after PMA stimulation in cord MDM. Early in the course of PMA stimulation, there is a dramatic decrease in intracellular GSH levels with a slow recovery to baseline levels. (J. Lioy and M. Yudkoff, unpublished data, not shown). GSH is essential not only for its antioxidant function but is also important in the early stages of lymphocyte activation necessary for host defense. For example, the addition ofglutathione in vivo enhances activation ofcytotoxic T-cells ( 19, 20) . Additionally, intracellular glutathione depletion has been found to inhibit mitogen induced lymphocyte activation and natural killer cell function (21 ) . Repleting intracellular GSH levels by suspending cells in media containing GSH involves the enzymatic degradation, transport across the cell membrane, and resynthesis of GSH inside the cell (6) . In cord MDM infected with HIV-1, it is likely that the intracellular GSH pool is increased either by supplying NAC directly to the media or by supplying enough GSH to facilitate breakdown and transport of 'y-glutamyl amino acids into the cell. Increasing the intracellular GSH pool may influence HIV-l replication in primary cord MDM in a number of ways. Roederer et al. (7) have proposed that oxidative stress caused by PMA or TNF-a stimulation may enhance the binding of the DNA complex protein, NF-kB, thus regulating HIV-I transcription through gene expression. In the cytoplasm, NF-kB exists in a complex with an inhibitor. After stimulation with PMA, the I-kB component ofthe cytoplasmic NF-kB complex is phosphorylated allowing its dissociation from the complex, thereby activating HIV-l transcription within the nucleus. process of viral entry into cells. The suppression ofcells treated 2 wk after infection was established may imply mechanisms similar to those involving downregulation oftranscription activating factor NF-kB or a similar transcription factor responsible for viral replication once the virus has invaded the cell (7) (8) (9) . In previous work using stimulated and infected PBMC and a U 1 cell line, HIV-1 infection was suppressed at concentrations of 5 mM NAC (7). Our study demonstrates a higher concentration dependent response to both NAC and GSH (10 and 20 mM). The use of freshly isolated MDM which are > 97% purity may account for the decreased sensitivity ofthese cells to treatment with NAC and GSH.
The mechanisms responsible for differences between cord and adult MDM responses to HIV-1 infection and treatment with thiols remains unknown. We have previously reported that HIV-1 infected cord MDM express higher P24 antigen and RT levels than adult MDM (5). The thiol suppression effect seen in this study is greater for cord than adult MDM (22) infected with HIV-1. Enhanced suppression ofviral replication in cord MDM may represent either increased intracellular concentration of NAC and GSH in MDM derived from neonates or greater sensitivity of NF-kB to the suppressive effects of NAC and GSH. Syncytium formation in HIV-1 infected adult and cord MDM has been reported (5, 23) . Although the mechanism is not known, we observed that NAC and GSH inhibited the formation of such syncytia in cord MDM. In summary, this study demonstrates the suppressive effects of GSH and NAC on HIV-1 replication in cord MDM. The use of cord blood MDM may provide a close in vitro model in the study of thiol regulation of HIV-1 expression in pediatric AIDS and in the effects of oxidant stress on viral replication and host defense. Finally, the use ofthiols in HIV-I research may provide insight into mechanisms that suppress or prolong latency of the virus.
